Vitamin D has been called "the most dominating single factor in the regulation of the absorption of calcium" (1). Although experiments with segments of small intestine in vitro have demonstrated that the vitamin is required to maintain an active transport mechanism for calcium in the mucosa (2-4), the molecular events underlying the action remain unknown. To define them, detailed information on the metabolism of vitamin D, now lacking, is needed.
Vitamin D has been called "the most dominating single factor in the regulation of the absorption of calcium" (1) . Although experiments with segments of small intestine in vitro have demonstrated that the vitamin is required to maintain an active transport mechanism for calcium in the mucosa (2) (3) (4) , the molecular events underlying the action remain unknown. To define them, detailed information on the metabolism of vitamin D, now lacking, is needed.
The metabolic fate of the vitamins D can be studied most effectively with radioactive compounds, for chemical methods of estimation are relatively insensitive or nonspecific, and biological assay is tedious and difficult. C14-vitamin D3 labeled at C3 (5) and randomly labeled C14-vitamin De (6) have been prepared by prior investigators, and with the latter material Kodicek and collaborators have provided much of the available metabolic data (7) (8) (9) (10) . The information remains limited, however, partly because it is difficult to prepare sufficient quantities of material of relatively high specific activity. Accordingly, the present studies were begun to develop more efficient methods for the preparation of radioactive vitamin D for metabolic studies. Tritium-labeled vitamin D3 and C14-labeled vitamin D, have been prepared, and the major pathways of transport and metabo-* Submitted for publication October 28, 1963 ; accepted December 26, 1963 .
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Portions of this work were presented at the 55th Annual Meeting of the American Society for Clinical Investigation, Atlantic City, N. J., April 1963. lism in the rat identified (11) . Vitamin D is absorbed chiefly into lymph, distributed widely in the tissues but accumulated in highest concentration in liver, and excreted mainly into bile. The present report describes in detail the preparation of the radioactive compounds and their intestinal absorption in the rat.
Materials and Methods
Preparation of H'-vitamnin D,. Initial experiments demonstrated persistence of biological activity in a solution of vitamin D, in 80% acetic acid after 16 hours at 230 C in an atmosphere of N2. Therefore 1 g of crystalline vitamin D, under N, 1 was labeled 2 by catalytic exchange in tritiated acetic acid under identical conditions (schedule TR-1). The product, a brownish material in a vial under N,, was applied for thin-layer chromatography on plates of activated silicic acid gel 3 0.5 mm thick. Reference vitamin D, was applied to the outer margins. The plates were developed in the dark for 45 minutes with CHC13 as the solvent, dried briefly at room temperature, sprayed lightly with 0.001%o Rhodamine 6 G in acetone, and viewed under an ultraviolet lamp (maximal emission, 253.7 mA&) to localize the dark, absorbing band of vitamin D3. The bands of gel were scraped from the plates and eluted repeatedly with CHC13. Vitamin D in the eluate, and generally in the present studies, was estimated chemically with an SbCl, reagent (12) . (Dried samples were treated with the SbCl3 reagent at room temperature for exactly 1 minute and the optical density at 500 m/A determined immediately in a Beckman model DU spectrophotometer in cuvettes of 10 mm light path). The combined CHC13 eluates, containing 294 mg of SbCl3-reactive material, were evaporated to dryness at 25 to 30°C under a stream of N,, and the residue was dissolved in 8 ml of dry pyridine. To esterify the vitamin, 350 mg of powdered 3,5-dinitrobenzoyl chloride was added and the mixture kept under N,, in the dark, at room temperature. After 20 hours another 100 mg of dinitrobenzoyl chloride was added and the mixture kept for 2 more days. It was then added dropwise to 20 ml of 0.1 N NaHCO,, and the resulting yellow precipitate was washed three times with water to remove all pyridine odor, dried under a N, stream, dissolved in 4 ml of warm acetone, and filtered. After addition of 4 ml of methanol and cooling, yellow crystals of dinitrobenzoyl-vitamin D, were harvested and recrystallized from acetone/methanol (1/1, vol/vol). The dried product, 102 mg of ester, and ester prepared similarly from crystalline vitamin D, gave identical melting points: 128 to 129°C (cloudy melt) (13) and 1330 C (clear melt). Melting points were determined with a Fisher-Johns apparatus 4 and corrected with crystalline reference compounds. The tritium content of the ester, and H' and C14 generally in these studies, were measured in a Packard Tri-Carb liquid scintillation spectrometer in glass vials containing 15 ml of a standard toluene scintillator solution (14) , or Bray's solution (15) with maximal transmission at 290 m/A. After 40 to 50%
conversion of the ergosterol, as judged by the SbCl3 reaction, the ether was evaporated under N2; the residue was dissolved in benzene and maintained at 600 C for 2 hours under N2 to convert previtamin D2 to vitamin D2 (20) . The solution was then applied to silicic acid gel plates for thin-layer chromatography as described above, except that benzene/ethyl acetate (5/1) was the developing solvent (21) . Ergosterol, vitamin D2, and other products of irradiation were clearly separated as absorbing bands on the plates, the individual bands eluted with CHC13, and the C'4-ergosterol reirradiated. Finally, the combined C`4-vitamin D2 eluates were evaporated, and the residue was dissolved in dry pyridine and esterified with 3,5-dinitrobenzoyl chloride as described above. Subsequently 13 mg of carrier, crystalline dinitrobenzoyl-vitamin D2 was added and the ester crystallized from acetone/methanol (1/1, vol/vol). The recrystallized dried product, 10 mg of material, melted sharply at 1430 C (6), as did the authentic ester. The specific activity was 1.1 dpm per IU vitamin D. In a second preparation C14-ergosterol isolated from two batches of yeast was combined, and the specific activity of the resulting C4-vitamin D2 was 5.3 dpm per IU. The values are comparable to several reported by Kodicek, 0.5 dpm per IU (6) and 5.5 dpm per IU (22) . Animal experiments. Male albino Sherman rats were used, except in some of the lymph collection experiments where Sprague-Dawley animals gave similar results. For cannulation of the thoracic lymph duct (23) or common bile duct, rats weighing 350 to 400 g were anesthetized with ether and restrained postoperatively in cages with free access to food 11 and water. Lymph or bile was collected in vessels chilled in ice; a control collection period of 24 hours preceded each experiment. For oral administration the radioactive sterols were dissolved in a small volume of ethanol and diluted with 5 vol of propylene glycol. Each rat was anesthetized for 2 to 3 minutes with ether and given 0.5 ml by gastric tube. Radioactivity in lymph, feces, and tissues was estimated by homogenizing each sample with at least 25 vol of ethanol/acetone (1/1, vol/vol) for 2 minutes in a Vortis homogenizer. The mixture was filtered, the extract evaporated, and the residue dissolved in the toluene scintillator solution for counting. After decanting the toluene solution, any remaining residue was shaken with 0.5 ml of water and then 15 ml of Bray's solution to count water-soluble radioactivity. (Water-soluble radioactivity generally did not exceed 5 to 10%o of the 9 Model QA-450, Burdick Corp., Milton, Wis.
10Type A-11, Baird-Atomic Inc., Boston, Mass. To prepare loops of intestine for absorption studies, rats were fasted for 18 hours in metabolic cages without access to feces. They were then anesthetized with ether for 10 to 12 minutes, and in this time intestinal segments approximately 8 cm long were rinsed with 10 ml of isotonic saline and then filled and tied as previously described (24) . Each loop was filled with 0.5 ml of solution prepared by dissolving radioactive vitamin in a small volume of ethanol and adding the ethanol through a no. 26 needle, with rapid stirring, to the appropriate volume of 0.02 M sodium taurocholate in 0.8517o NaCl.
The resulting solutions were grossly clear. After excision of the loops, the unabsorbed radioactivity was estimated as described above. In each experiment at least two control loops were excised immediately after filling, and their radioactivity was taken as the zero-time value. When duodenal loops were tested, the common bile duct, which enters this segment, was ligated.
Bioassay for vitamin D activity was performed as previously described (4, 16 (Figure 2 ). Vitamin D3 was absorbed into lymph more rapidly than vitamin D2, although the curves with time appeared generally similar. The results were confirmed with two other lymph-fistula rats and in the following loop experiment. One jejunal loop was tied in each of 10 rats (weight range, 120 to 165 g) and filled with the taurocholate-saline medium containing 9 pg of H3-vitamin D3 plus 9 Pg of C14-vitamin D2. After 6 hours the loops were excised, and estimation of the residual radioactivity indicated 13 New England Nuclear Corp., Boston, Mass. 14 Figure 3 . Cholesterol, too, was absorbed most effectively from loops in the proximal half of the small intestine, and absorption decreased progressively in the distal half. In the jejunum the absorption of labeled cholesterol was generally less than that of vitamin D3 (Figure 3 ), but the data do not permit a comparison of true absorption rates. C14-cholesterol is diluted by endogenous cholesterol in the gut wall (29), whereas H3-vitamin D3 is not significantly diluted in the quantities used. Absorption of the labeled sterols was compared further in three lymph fistula rats. Each animal received 130 jg of H3-vitamin D3 and of C14-cholesterol in ethanol/propylene glycol, and both isotopes were estimated in successive lymph samples. The initial lag period in absorption observed with vitamin D (Figure 2 ) was longer for C'4-cholesterol. In one animal, for example, the maximal rate of absorption of H3-vitamin D3, i.e., 4.6% of the initial dose per hour, was observed in the 2-to 4-hour collection period. The corresponding maximal rate for C14-cholesterol, 3.5% per hour, was observed in the 4-to 6-hour period. A lag period for cholesterol of this magnitude has been noted by prior investigators (30, 31) .
Sequential steps. The absorption of vitamin D from intestinal loops can be resolved into at least two steps, defined as follows.
Step 1 is uptake of labeled vitamin from the lumen so that the radio- activity cannot be washed from the mucosal surface with isotonic saline.
Step 2 is transport from the gut wall chiefly to the lymph, measured as the decrease in total radioactivity of the loop. The following experiment was designed to compare the steps in various segments of the small intestine. One mid-jejunal and one distal ileal loop were tied in each rat and filled with isotonic salinetaurocholate solution containing H3-vitamin D3. At various intervals thereafter the animals were killed in groups of five, each loop excised and rinsed with 2.0 ml of isotonic saline, and the jejunal and ileal rinse fluids and tissues pooled separately. After estimation of the radioactivity, step 1 was calculated as initial radioactivity in the loop minus final radioactivity in the rinse fluid, and step 2 as initial minus final radioactivity in the entire loop. The results illustrated in Figure 4 demonstrate that step 1 was more rapid than step 2 at both levels of the intestine, indicating a lag in the transport within the mucosa. Jejunum and ileum appeared to differ primarily in step 1. The initial rate of step 1 was more rapid and the total uptake by the mucosa more complete in jejunum than in ileum.
Step 2, in absolute units, was less in ileum than in jejunum, but expressed as a percentage of step 1, the values at 4j hours for jejunum and ileum, respectively, were 42.5 and 40.0%, i.e., not significantly different.
Other factors. The effects of prior vitamin D depletion on absorption of H3-vitamin D3 from jejunal loops were examined with ten rats maintained on the vitamin D-free regimen (16) for 4 weeks. Four days before the experiment half the animals were given 20,000 IU vitamin D3 subcutaneously. No significant difference in absorption between the treated and depleted animals was found. In a similar study with cortisone-treated (1.0 mg subcutaneously per day for 6 days) and untreated control rats, no difference in the subsequent absorption of H3-vitamin D3 from jejunal loops was noted.
Discussion
The preparation of tritiated vitamin D3 described in our present report is relatively simple and convenient, and the specific activity of the product is adequate for many metabolic studies. The material was recrystallized repeatedly as the 3,5-dinitrobenzoyl ester and, after hydrolysis, shown to be biologically fully active and chemically pure on gas-liquid chromatography. Moreover, the metabolism of H3-vitamin D3 in the experiments thus far has been generally similar to that of uniformly labeled C14-vitamin D2 prepared biosynthetically. As demonstrated above, both radioactive compounds are absorbed chiefly into lymph in the rat, and further studies in our laboratory (11) indicate that both are taken up mainly by liver and excreted into bile. The major pathways of transport and metabolism of the vitamins D are thus similar to those of cholesterol (32) .
The present metabolic studies focus on the intestinal absorption of vitamin D. Our intestinal loop experiments clearly demonstrate that vitamin D can be absorbed throughout the proximal three-fourths of the rat small intestine, with maximal transport in the mid-jejunum and minimal absorption in the distal ileum. The absorption of cholesterol from loops shows a similar pattern, except that it is more restricted to the proximal half of the small intestine and decreases more rapidly in the distal half. The results with cholesterol confirm prior observations (30) of its maximal absorption in the upper jejunum of the rat in vivo. Further, the upper jejunum is the site of triglyceride absorption in man (33) , and this segment is particularly effective in transport and esterification of C14-palmitate by everted sacs of hamster intestine (34 Although both cholesterol and vitamin D are absorbed into lymph and found mainly in the chylomicron fraction, the respective mechanisms clearly differ in that the major fraction of lymph cholesterol is esterified (30) (39) reviewed the evidence that several mammalian species absorb phytosterols poorly as compared to cholesterol and 7-dehydrocholesterol, whereas the compounds differ little in structure or lipid solubility. In our studies vitamin D2 was absorbed into lymph less rapidly than vitamin D3. Further evidence that sterol transport is a specialized cellular function is that cholesterol and vitamin D are absorbed more readily in proximal jejunum than in distal ileum and that taurocholate, in contrast to taurochenodeoxycholate and taurodeoxycholate, is required for optimal transfer of vitamin D3 in the rat. Prior investigators (e.g., 31, 39, 40) have considered sterol absorption in two steps: 1) uptake at the mucosal surface and 2) transfer into lymph. Experiments with ,8-sitosterol (40) and tobacco leaf phytosterols (41) indicate that these sterols are taken up at the mucosal surface, although less readily than cholesterol, but only insignificant quantities are subsequently transferred to lymph. Thus both steps in sterol absorption appear to be relatively specific. Vitamin D absorption can also be resolved into a rapid mucosal uptake followed by a much slower transfer to the lymph. We demonstrated in the present studies, moreover, that jejunum and ileum differ in their absorption of the vitamin primarily in the first, mucosal uptake step. In view of such evidence, it is reasonable to suspect that cellular organelles play an active role in determining the specificity of sterol absorption. Although the specific transport sites may involve lipoproteins, as suggested by Glover and Green (42) , there is as yet no direct evidence concerning the chemical nature of such sites.
Summary
Methods are described for the chemical preparation of H3-vitamin D3 and of uniformly labeled C14-vitamin D2 from C14-ergosterol synthesized by yeast. The intestinal absorption of the la-VITAMIN D METABOLISM beled compounds was studied in vivo in the rat. Vitamin D is absorbed maximally in the jejunum and transferred chiefly into lymph. It was found mainly in the chylomicron fraction, as the free, biologically active sterol. Bile salt, specifically taurocholate as compared to taurodeoxycholate and taurochenodeoxycholate, is required for optimal absorption. Two steps can be distinguished in the transport across the intestine: uptake at the mucosal surface, relatively rapid, and transfer to lymph, relatively slow. Absorption is more rapid from mid-jejunal as compared to distal ileal segments primarily because the first, mucosal uptake step is more rapid and complete.
Addendum
Subsequent to the completion of this manuscript Norman and DeLuca (43) and their irradiation to the active vitamins. After oral administration of HW-vitamin D, in Wesson oil to rats, the ileum was found to contain more radioactivity than the more proximal small intestine, as observed previously by Kodicek (35) . As noted in the Discussion, such observations do not test absorption directly, need not reflect the capacity of various segments of the intestine to absorb the vitamin, and are not directly comparable to the loop experiments described here.
